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Group-III nitrides have been widely used in the application not only the optical devices but also the electronic devices. 
InGaN, an alloy semiconductor of GaN and InN, is used as an active layer in the group-III-nitride-based optical devices. The 
band-gap energy of InGaN can be changed over a wide range including the visible wavelength region by controlling its alloy 
composition. The InGaN-based optical devices can cover the whole visible wavelength. Especially for blue light-emitting 
devices, there is a few candidates of the materials. II-VI semiconductors can also realize the blue light emission, unfortunately, 
the devices do not have enough device-lifetime because of the material’s instability during the operation. White light-emitting 
diodes (LEDs) have been considered as fourth generation light sources. The most used white LED is composed of an 
InGaN-based blue LED and a yellow phosphor. A yellow phosphor is excited with blue light emitted from a blue LED. 
Although there is a Stokes energy loss in the conversion from blue to yellow light, the white LED has much higher wall-plug 
efficiency than other traditional white light sources such as an incandescent light bulb and a fluorescent lamp. In addition, 
LEDs have very long lifetime more than 105 hours. If a white LED is composed of three-colors of LEDs as red, green, and 
blue there is no energy loss in their emission process to improve the wall-plug efficiency. By individually controlling the 
operation power of three LEDs, this white LED can control its color rendering. 
The white LEDs was commercialized from 1996, and the luminous efficiency was improving year by year. Currently, 
commercially-available white LEDs reach their luminous efficiency higher than 180 lm/W. By replacing light sources from old 
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devices, there is a few candidates of the materials. II-VI semiconductors can also realize the blue light emission, unfortunately, 
the devices do not have enough device-lifetime because of the material’s instability during the operation. White light-emitting 
diodes (LEDs) have been considered as fourth generation light sources. The most used white LED is composed of an 
InGaN-based blue LED and a yellow phosphor. A yellow phosphor is excited with blue light emitted from a blue LED. 
Although there is a Stokes energy loss in the conversion from blue to yellow light, the white LED has much higher wall-plug 
efficiency than other traditional white light sources such as an incandescent light bulb and a fluorescent lamp. In addition, 
LEDs have very long lifetime more than 105 hours. If a white LED is composed of three-colors of LEDs as red, green, and 
blue there is no energy loss in their emission process to improve the wall-plug efficiency. By individually controlling the 
operation power of three LEDs, this white LED can control its color rendering. 
The white LEDs was commercialized from 1996, and the luminous efficiency was improving year by year. Currently, 
commercially-available white LEDs reach their luminous efficiency higher than 180 lm/W. By replacing light sources from old 
devices to the white LEDs, the power consumption can be reduced. In 2025, the energy saving of lighting in the world will 
become large amount as much as total electric generating capacity in Japan. In other words, it can be reduced the gross 
electricity for a year in Japan. The LEDs are applied in the wide range fields such as illumination, head lights of vehicles, 
backlights of liquid crystal display, and so on. In order to improve the luminous efficiency further, the LED, which is composed 
of red, green, and blue LEDs, is one of the candidates. InGaN can cover the whole visible range as controlling the InN mole 
fraction to GaN. InGaN-based white LEDs can be realized with RGB LEDs. Then the InGaN-based white LEDs have 
high-efficiency because it is directly lighting whereas the white LED, which is composed of the blue LED and yellow 
phosphor, has Stoke’s loss. However, the luminous efficiency of InGaN-based green and red LEDs are still low. One of the 
reason is the lattice-mismatch in the LED structure of group-III nitrides. The InGaN active layer is coherently grown on a GaN 
template. There is a lattice mismatch between these layers. The lattice mismatch results in the generation of large strain in the 
InGaN active layer. This large strain generates the strong piezoelectric polarization field in the InGaN layer. This field spatially 
separates electrons and holes in the InGaN active layer, resulting in the reduction of the recombination efficiency. If the 
thickness of the InGaN active layer exceeds the critical thickness, misfit dislocations are generated at the heterointerface to 
deteriorate the crystal quality. Therefore a ZnO substrate is introduced for the InGaN growth in this thesis. 
 ZnO was proposed as a substrate for the growth of InGaN and there was the report on the growth of InGaN on a ZnO 
substrate in 1989, however, its quality was poor because the poor quality of ZnO itself and the primitive preparation of a ZnO 
substrate. The growth of InGaN with high quality on a ZnO substrate has been desired for the development of novel 
InGaN-based devices with high InN mole fraction. All the devices consisting of group-III nitride semiconductors are grown by 
metalorganic vapor phase epitaxy (MOVPE) because of its several advantages such as the easy composition control, the high 
uniformity, and the high throughput. There is an issue for the growth of group-III nitride semiconductors on ZnO substrates by 
MOVPE, because ZnO is chemically unstable to a reducing atmosphere in the MOVPE growth, such as hydrogen as a carrier 
gas for group-III sources and ammonia as a nitrogen source. This issue has to be solved. In this thesis, the protection layers are 
formed prior to the MOVPE growth for suppressing the chemical decomposition reaction of ZnO, and the MOVPE growth of 
an InGaN film on a ZnO substrate is demonstrated. 
In order to grow the ZnO crystals, the hydrothermal method was adopted. The average growth rate of each ZnO bulk 
crystal was 3.7 mm/day. Screw and edge threading dislocation densities (TDDs) estimated from X-ray rocking curve 
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measurements were 8  102 and 4  103 cm−2, respectively. These TDDs are much lower than those of GaN epitaxial films on 
sapphire and SiC substrates. Then 0.5-mm-thick c-plane ZnO substrates were fabricated by dicing and chemo-mechanical 
polishing (CMP). These substrates had rough surfaces with scratches which were caused by CMP. To improve this surface 
roughness, the ZnO substrates in an oxidizing atmosphere were annealed at 900 to 1200 °C for 4 hours in a box made of ZnO 
ceramics which could suppress the evaporation of Zn from ZnO. The step-terrace structure was successfully observed at the 
surface in annealing conditions at 1150 C for 4 hours. Through these processes, ZnO substrates patient for the epitaxial growth 
could be prepared. 
In order to suppress the decomposition of ZnO during the MOVPE growth, a 200-nm-thick single crystalline AlN film as 
a protection layer was epitaxially formed on a front surface of ZnO by the pulsed laser deposition (PLD). This PLD method 
enabled the group-III nitride semiconductors to grow without any reactant gas at low temperature. An atomically flat surface 
was obtained at the growth temperature from 200 to 550 °C. Cracks appeared in the AlN film at higher than 550 °C because of 
the difference of the thermal expansion coefficient between AlN and ZnO. From an X-ray diffraction (XRD) analysis and an 
electron backscattered diffraction (EBSD) analysis, the PLD-grown AlN film was confirmed to be the c-plane oriented single 
crystalline wurtzite structure. This AlN is applicable as a protection layer for the epitaxial growth of InGaN. Both the side wall 
and the bottom surface of a ZnO substrate were also covered with a SiO2 film followed by an AlN film. Both films were 
formed by using the sputtering system. An AlN film resistant to the reducing ambient was necessary because the pits were 
observed after the annealing at the growth temperature of 800 C for InGaN for only a SiO2 film. An AlN film had to be 
formed on a SiO2 film because a directly sputtered AlN film on ZnO was partially exfoliated as the origin of hexagonal features 
formed during annealing at 800 C. Pits and hexagonal structures disappeared for each thickness of 800 nm of AlN and SiO2. 
Finally, 500-nm-thick InGaN films were MOVPE-grown on a ZnO substrate with the protection layers. For comparison, 
the MOVPE growth was also performed on both substrates of bare ZnO and sapphire. The source gases for indium and 
gallium are trimethylindium (TMIn) and triethylgallium (TEGa), respectively. The InN mole fraction was controlled by 
changing the flow ratio of TMIn and TEGa. The InGaN film on the bare ZnO substrate exfoliated and this ZnO substrate was 
partially decomposed during the MOVPE growth. On the other hand, the decomposition of the ZnO substrate with the 
protection layers was drastically suppressed. Structural properties of the In0.18Ga0.82N films were investigated by X-ray rocking 
curve measurements as shown in Fig. 1. In0.18Ga0.82N on the ZnO substrate has narrower full width at half maximum (FWHM) 
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formed by using the sputtering system. An AlN film resistant to the reducing ambient was necessary because the pits were 
observed after the annealing at the growth temperature of 800 C for InGaN for only a SiO2 film. An AlN film had to be 
formed on a SiO2 film because a directly sputtered AlN film on ZnO was partially exfoliated as the origin of hexagonal features 
formed during annealing at 800 C. Pits and hexagonal structures disappeared for each thickness of 800 nm of AlN and SiO2. 
Finally, 500-nm-thick InGaN films were MOVPE-grown on a ZnO substrate with the protection layers. For comparison, 
the MOVPE growth was also performed on both substrates of bare ZnO and sapphire. The source gases for indium and 
gallium are trimethylindium (TMIn) and triethylgallium (TEGa), respectively. The InN mole fraction was controlled by 
changing the flow ratio of TMIn and TEGa. The InGaN film on the bare ZnO substrate exfoliated and this ZnO substrate was 
partially decomposed during the MOVPE growth. On the other hand, the decomposition of the ZnO substrate with the 
protection layers was drastically suppressed. Structural properties of the In0.18Ga0.82N films were investigated by X-ray rocking 
curve measurements as shown in Fig. 1. In0.18Ga0.82N on the ZnO substrate has narrower full width at half maximum (FWHM) 
than In0.20Ga0.80N, and is confirmed to be almost unstrained from the XRD reciprocal space mapping measurement.?It indicates 
that the In0.18Ga0.82N film can be grown on the ZnO substrate without strain. The FWHMs of X-ray rocking curves for InGaN 
0002 diffraction were 6270 arcsec and 4080 arcsec for the In0.18Ga0.82N films on the ZnO substrate with the protection layer 
and the sapphire substrate, respectively. The FWHM of the XRC for the InGaN film on the ZnO substrate was wider than that 
on the sapphire substrate. The degradation of the InGaN crystalline quality might be originated from two reasons. The growth 
of an InGaN film on a ZnO substrate via an AlN protection layer has two lattice-mismatched heterointerfaces. Both of them 
have the same lattice mismatch as large as 4%, and the lattice relaxation occurs twice.  
In conclusion, even though a ZnO substrate has an instability in a reducing atmosphere, the MOVPE growth of an 
InGaN film on a ZnO substrate could be enabled by introducing protection layers using the PLD method and the sputtering one. 
The results obtained in this thesis increase the availability of substrates and pave the way for new devices fabricated by the 
MOVPE system. 
 
Figure 1. RSM of ZnO 101
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5 for grown InGaN films on the ZnO substrate. 
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